When Euglena gracilis was grown under white (fluorescent) light in media containing high concentrations of ammonium chloride (more than 0.005%), the main lipids synthesized were monogalactosyl diglyceride, digalactosyl diglyceride, phosphatidyl glycerol, sulfolipid and the all eis 47, [10] [11] [12] [13] [14] [15] [16] 47, 10, [13] [14] [15] [16] Zl4, 7, 10, [13] [14] [15] [16] A9, [12] [13] [14] [15] [16] [17] [18] 12, [15] [16] [17] [18] :3 fatty acids. At low levels of ammonium (less than 0.002%) these compounds were produced only in small amounts, while neutral lipids, phosphatidyl choline, phosphatidyl ethanolamine and the 14:0, 16:0 and 16:1 fatty acids predominated.
Green algae 1-8 and the phytoflagellates Euglena gracilis ' and Ochromonas danica 18 synthesize predominantly unsaturated C16 and C18 fatty acids with 1-4 double bonds. Lesser amounts of unsaturated C20 and C2, fatty acids are found. Red and brown algae 3 ' 7 mainly produce unsaturated C18 and C20 fatty acids and only small quantities of C16 fatty acids with one or two double bonds. They lack the 16:3 and 16:4 fatty acids which are characteristic constituents of the green algae and phytoflagellates. In an investigation 19 carried out on various green algae we observed that the biosynthesis of these compounds depends on the ammonium or nitrate level in the nutrient medium. The low nitrogen content of seawater could be responsible for their absence in red and brown algae. The biosynthesis of these unsaturated fatty acids is influenced by light [12] [13] [14] ' 16 . Since they are predominantly found in galactolipids 13 ' 14 ' 16 ' 17 we were interested to study the influence of light and of the nitrogen content of the nutrient medium on both fatty acid and lipid biosynthesis. Euglena gracilis was chosen for our experiments because it can be Requests for reprints should be sent to Dr. PETER POHL, Institut für Pharmazeutische Arzneimittellehre der Universität, D-8000 München 2, Karl-Str. 29, Germany.
Abbreviations:
GLC: gas liquid chromatography TLC: thin layer chromatography; DCMU: (3-(3,4-dichlorophenyl)-1,1-dimethyl urea; Card.: cardiolipin; DGDG: digalactosyl diglyceride; MGDG: monogalactosyl diglyceride; PC: phosphatidyl choline; PE: phosphatidyl ethanolamine; PG: phosphatidyl glycerol; SL: sulfolipid; NL 1 (see Figs. 2 and 3) : neutral lipids (mainly wax esters and triglycerides) ; NL 2: neutral lipids (mainly diglycerides).
grown in the dark and in the light and contains polyunsaturated C16 , C18 , C20 and C22 fatty acids 10 .
Material and Methods
Euglena gracilis Klebs (strain Z, leg. De Saedeler) was obtained as an agar culture from the Pflanzenphysiologisches Institut, Universität Göttingen, Nikolausberger Weg.
Nutrient medium
The medium of CRAMER and MYERS 20 was used in a modified form: K2HP04: 1,3 g/1; KH.,P04: 1 g/1; Nacitrate-11 H.,0: 0,8 g/1; MgS04-7H20: 0,2 g/1; CaCl,-2H,0: 0,02 g/1; Fe2(S04)3-6 H20: 3 mg/1; MnCL• 4 H20: 1,8 mg/1; Co(N03)2-6 H20: 1,3 mg/1; ZnS04 • 7 H.,0: 0,4 mg/1; Na2Mo04-2 H20: 0,2 mg/1; CuS04 • 5 H20: 0,02 mg/1; Thiamine-HCl: 0,05 mg/1; Vit B12: 0,0005 mg/1; NH4C1: 0,005 -0,5 g/1.
The cultures were grown free of bacteria to the stationary phase of growth under continuous shaking at 25°. The optical density of the cell suspensions was measured with an Eppendorf spectrophotometer at 587 nm.
Growth under white light Seven cultures of 500 ml were grown in erlenmeyer flasks, the content of NH4C1 in the medium ranging from 0,0005 to 0,02 per cent. Time of growth: 15 -22 days. Three cultures were grown with KN03 (0,001 -0,03%) for 20 days.
Growth in the dark
Five cultures of 500 ml were grown for 10 days at varying contents of NH4C1 (0,001-0,02%) and with adition of 0,1% of Na-acetate. Two cultures were grown in the dark, the medium containing 0,05% NH4C1 and 0,1% Na-acetate. After reaching the stationary phase of growth (10 days), one culture was subsequently grown in the light for 20 days with 0,35 g DCMU [3-(3,4-dichlorophenyl)-1,1-dimethyl urea] added to the medium, giving a 3xlO _3 M concentration. The other culture was grown without DCMU in the light.
Lipid extraction
After reaching the stationary phase of growth the cells were centrifuged, freeze dried, weighed, finely ground with sea sand and extracted 4 times for 2 hours with 25 ml of chloroform -methanol (1 : 2, v/v) under nitrogen and continuous shaking at room temperature. The solution of total lipids was filtered and the main part of the solvent removed under a stream of nitrogen. The lipids were then transferred to a weighed test tube, concentrated to dryness under nitrogen and dried to a constant weight in a vacuum desiccator. Following this the lipids were taken up in chloroformmethanol (1 : 2, v/v) to give a standard lipid solution of exactly 5 mg of total lipids per x ml of solvent.
Thin layer chromatography of lipids
Solvent system: Acetone -benzene -water (91 -30 -8) 23 . For good separation it was essential to use column-distilled solvents. The TLC-chambers contained paper saturated with solvents.
Thin layer plates
A slurry of 4 g silicagel HF 254 Merck in 10 ml water was used for preparing one plate (12x20 cm 2 ). Thickness: 0,25 mm. The plates were activated for 2 hours at 120° and thereafter stored under vacuum in a desiccator over P205 .
Detection od lipids
The total lipids were applied to the TLC-plates in a line by means of a soft brush. After TLC the lipids were sprayed with an alkaline solution of Rhodamin 6G (equal volumes of 0,006% Rhodamin 6G in water and of 8% NaOH 24 ) and visualized under UV-light, (366 nm).
Preparation of fatty acid methyl esters
The fatty acid methyl esters were obtained as described previously 19 > 23 by transmethylation of the total lipids or of the TLC lipid zones with sodium methylate.
Gas chromatography
Model Packard, a) 20% Reoplex 400 on chromosorb WS (45-60 mesh), column 3mx4mm; b) 15% EGSS-X on gaschrom P (100 -120 mesh), column 2mx5mm; column temperature: 190°; flow rate: 60ml argon/min.; amounts injected: ca. 0,01 mg.
Chlorophyll determinations
These determinations were carried out according to the method of ARNON 25 .
Results
The data of Fig. 1 In fact the absolute amounts of all the five latter compounds increased continuously. The decrease of the 16:2 and 18:3 fatty acids at NH4C1 levels higher than 0,005% (see Fig. 1 ) was only relative and due to the enormous increase of the 16:4 fatty acid.
These results are consistent with our former observations 19 on various green algae. Only oleic acid showed some difference as its percentage remained rather constant and did not increase so significantly at low levels of ammonium as it did in the green algae. Fig. 2 demonstrates that under white light at low concentrations of ammonium Euglena mainly produced neutral lipids and phospholipids (PC, PE). MGDG, DGDG, PG and SL were present only in small amounts. In agreement with the fatty acid compositions shown in Fig. 1 there seemed to be a limit at about 0,003% NH4C1 in the medium. At concentrations below this limit Euglena produced only trace amounts of MGDG, DGDG, PG, SL and of polyunsaturated C16 and C18 fatty acids. These lipids and fatty acids, however, predominated at NH4C1 levels higher than 0.005 per cent.
The above increase of unsaturated fatty acid and of lipid biosynthesis at high levels of ammonium was paralleled by an increase of chlorophyll formation from 0.02% of the dry weights (at 0.005% NH4C1) to about 2.9% (at 0.02% NH4C1) ( tures grown at equivalent levels of NH4C1. Even at high concentrations of KN03 the unsaturated C1G am C18 acids were present only in small amounts (see Table 1 ). The 14:0 and 16:0 were the main fatty acids produced. The chlorophyll content of these cultures remained at a low level of about 0.05% of the dry weights. Neutral lipids and phospholipids (PC, PE) were the main lipids produced. MGDG, DGDG, PG and SL were present only in trace amounts. Similar results were obtained when Euglena was grown with KN03 in the dark (unpublished) . When grown in the dark (Table 2) 
Discussion
The fatty acids and lipids mentioned in this paper have already been reported to occur in Euglena gracilis 9~17 . The above data demonstrate that in Euglena gracilis ammonium as well as light are required for the biosynthesis of four lipids (MGDG, DGDG, PG and SL) and of the unsaturated 16:2, 16:3, 16:4, 18:2 and 18:3 fatty acids. The strain of Euglena gracilis used for our experiments needed a minimum content of about 0.003% NH4C1 in the nutrient medium. The green algae previously investigated by us 19 could be grown at about 0.0003% NH4C1. This indicates that Euglena needed approximately ten times as much NH4C1 as the green algae. Euglena gracilis grew very poorly when nitrate was used as the only nitrogen source. Under these conditions it produced only low amounts of SL, PG, MGDG, DGDG and of polyunsaturated C16 and C18 fatty acids. This indicates that for the biosynthesis of these compounds ammonium and not nitrate is essential. In contrast to the green algae 19 , the capacity of Euglena gracilis to reduce nitrate to ammonium seemed to be minimal. It remains to be investigated w T hether this is common to all species of Euglena *.
No effect on fatty acid biosynthesis was observed when the content of MgS04 and K2HP04 in the medium was increased or when NaCl and MgClo was added. The addition of (NH4)2HP04, (NH4)2S04 or urea, however, had the same effect as NH4C1 (unpublished results). No experiments were carried out with RbCl and CsCl.
Particularly the 16:4 fatty acid seems to depend on sufficient levels of ammonium and on good light conditions. In our experiments this fatty acid was the most "unstable" of all unsaturated fatty acids investigated, because its biosynthesis was diminished at first and most significantly when the conditions of growth became suboptimal, i. e. at low concentrations of ammonium in the medium and under unsufficient light conditions, but also at high temperatures and unsufficient oxygen supply (unpublished) .
Our results concerning the dependence of unsaturated fatty acid biosynthesis on white light are in agreement with those of ROSENBERG [12] [13] [14] who observed that in Euglena gracilis the content of unsaturated C16 and C18 fatty acids increased upon illumination; CONSTANTOPOULOS and BLOCH 10 achieved the same effect by increasing the light intensity. Similar results have been obtained by NICHOLS 26 with Chlorella vulgaris.
Our experiments show that in Euglena gracilis the biosynthesis of these unsaturated fatty acids as well as of SL, PG, MGDG and DGDG are influenced by light. Furthermore, under optimal light conditions, they are controlled by the ammonium content of the medium and by DCMU. Because of the simi-* NAGAI and BLOCH 28 have considered two more pathways of fatty acid biosynthesis in photoauxotroph Euglena gracilis: a) 10 : 0 -> 3-10 : 1 5-12 : 1 -> 7-14 : 1 9-16 : 1 -11-18 : 1 and b) 12 : 0 -> 3-12 : 1 -> 5-14 : 1 -> 7-16 : 1 -> 9-18 : 1. There are at present, however, no lar influence of the above three factors on lipid and fatty acid biosynthesis it was necessary to do light experiments which were similar to some of those done formerly n - 14 . In Scheme 1 a model of fatly acid biosynthesis in Euglena gracilis is proposed. This model tries to correlate our observations and will be the basis for more detailed studies.
The similar effect of the above three factors on unsaturated fatty acid biosynthesis suggests that the 16:2, 16:3, 16:4, 18:2 and 18:3 fatty acids form a special group or branch in fatty acid biosynthesis. Therefore two pathways (A and B) of fatty acid biosynthesis in Euglena gracilis are proposed in Scheme 1. Both pathways seem to be associated with specific lipids. Pathway A goes from acetate to the polyunsaturated C18, C20 and C22 fatty acids. No 16:2, 16:3 and 16:4 fatty acids, but small quantities of 18:2 and 18:3 fatty acids seem to be synthesized via this pathway. Similar pathways have already been proposed 10 and described n ' 17 in Euglena gracilis and in Acanthamoeba 27 . This pathway seems to be independent of
(MGDG DGDG)
reports about the lipids associated with these pathways. As for this reason it is difficult to say whether they are part of pathway A or B they have been ommited in the above Schcme. light. It appears to be used in the light at low concentrations of ammonium and in the dark. The fatty acids of pathway A are mainly located in neutral lipids (wax esters, triglycerides) and phospholipids (PC, PE) (see Fig. 3 ). In addition to the pathway A already described a new pathway B is proposed in Scheme 1. It leads to the unsaturated 16:2, 16:3, 16:4 and to the major part of the 18:2 and 18:3 fatty acids. This pathway seems to require light and a minimum amount of ammonium in the medium and is blocked by DCMU.
In our experiments the biosynthesis of SL, PG, MGDG and DGDG was influenced in a similar way to the unsaturated C16 and C18 fatty acids: It also required light and a minimum amount of ammonium in the medium, and was blocked by DCMU, too. These lipids as well as the unsaturated C16 and C18 fatty acids are characteristic constituents of chloroplasts 24 ' 29_32 . In agreement with the findings of other authors 13 ' 14 ' 17 > 26 , MGDG and DGDG contained the major part of the 16:2, 16:3, 16:4, 18:2 and 18:3 fatty acids. So pathway B seems to be associated with these galactolipids, SL and PG.
SL was unique in containing high amounts of palmitic acid 17 ' 26 ' 32_35 , PG was characterized by the tr3-16:l fatty acid 26,36~41 . This acid is synthesized from palmitic acid in Chlorella vulgaris, the synthesis being directly light dependent 42 . This compound is also hydrogenated to give again palmitic acid in the same organism 43 . The functions of both SL and PG in fatty acid biosynthesis are still unknown. Possibly they play a role in a kind of fatty acid transfer of palmitic acid from neutral or phospholipids via a palmitic acid in SL and a trans?>-\6:\ acid in PG to the unsaturated C16 and C18 fatty acids in MGDG and DGDG under the influence of light. Experiments are under way to demonstrate whether or not such a transfer exists in Euglena gracilis.
All of the lipids associated with the system of fatty acid biosynthesis proposed here seem to have special functions because they are all characterized by their fatty acid compositions (see Fig. 3 and Table 4 ). This is in agreement with the data given by other authors 17, 26 > 33) 38 .
There seem to be small quantities of 18:2 and 18:3 acids synthesized via pathway A. This can be concluded from the occurence of minor quantities of these compounds in neutral lipids and phospholipids and from their presence even wdien Euglena was grown in the light at low levels of ammonium and in the dark. This would explain why under these conditions the biosynthesis of the 18:2 and 18:3 fatty acids was not so much affected as that of the 16:2, 16:3 and 16:4 compounds. During our experiments always a-Iinolenic acid (9,12,15-18: 3), but no significant amounts of y-linolenic acid (6,9,12-18: 3) could be detected. The 12:0, 14:0, 16:0, 18:0, 16:1 and 18:1 fatty acids were present in low amounts in all of the lipids if not particularly mentioned in Table 4 (Fig. 2) . The before mentioned "instability" of the 16:4 fatty acid might therefore be due to the fact that the major part of this compounds is located in MGDG.
The increase of unsaturated fatty acid biosynthesis at high levels of NH4C1 (Fig. 1) might give an explanation for the recent observations of KANA-ZAWA and coworkers 46 . They reportet that addition of NH4C1 to dark grown cultures of Chlorella pyrenoidosa and of NH4C1 and KNOA to light grown cultures caused a decrease of 14 C flow into sucrose and an increase into amino and Krebs cycle acids.
Under the conditions described here oleic acid seemed to be more associated with pathway A. This compound was mainly located in PC and PE and only to a small extend in MGDG and DGDG. This confirms the observations of GURR 47 who found that in Chlorella vulgaris oleic acid is preferably bound to PC.
There is the question whether the pathways proposed above might also be found in terrestrial plants. NEWMAN and WALLACE 48 ' 49 reported that low levels of nitrogen caused an increase of the 16:0 and a decrease of the 18:3 fatty acids in the chloroplasts of several higher plants, which agrees with our findings in Euglena gracilis. According to our present knowledge [50] [51] [52] , however, terrestrial plants seem to lack the 16:2 and 16:3 fatty acids. There are only two reports about the occurrence of the 7,10,13-16:3 fatty acid in the leaves and chloroplasts of spinach 53 ' 54 . Possibly in terrestrial plants these compounds are only present in very low amounts as intermediates in the biosynthesis of the predominating unsaturated C18 fatty acids *. NAGAI 55 demonstrated that spinach chloroplasts can convert stearyl-ACP, but not stearyl-CoA and palmityl-ACP into oleic acid when ferredoxin is added.
The light dependence of the unsaturated C16 and C18 fatty acids is of further importance as it gives an explanation for the phenomenon of the "essential fatty acids" in animals. These fatty acids (Al, [10] [11] [12] [13] [14] [15] [16] SL, PG, MGDG and DGDG: in the dark and at low levels of ammonium in the light, no or very little chlorophyll was produced, w r hereas large quantities were synthesized in the light at high levels of ammonium (see Fig. 1 ). The influence of these factors on chlorophyll biosynthesis is known [65] [66] [67] . In chloroplast membranes the chlorophylls, SL, PG,
MGDG
and DGDG are associated with one another 24 ' 30 . In Euglena gracilis var. bacillaris 68 the formation of chloroplast lamellae and of chlorophylls seems to be correlated. GOLDBERG and OHAD 69 ' 70 reported the biosynthesis of constant molar proportions of pigments, total glycolipids and polyunsaturated fatty acids in the chloroplasts of Chlamydomonas when membrane synthesis proceeded at a constant rate. These reports indicate that possibly the biosynthesis of chlorophylls as well as that of the above lipids and unsaturated fattv acids is a function of chloroplast development.
Our experiments and those of other authors n ' 13 ' 14,16,17 sj10w that the biosynthesis of chloroplast lipids and fatty acids requires light. To date, however, only the formation of the trans-3-16:1 fatty acid has been shown to be directly light dependent 42 . So it remains unknown whether the biosvnthesis of the other compounds is directly or indirectly controlled by light. Furthermore we do not know whether there is an interdependence between chlorophylls and the chloroplast lipids and fatty acids, or whether these compounds depend separately on an unknown substance or system which in itself requires ammonium and light. There is much evidence that the mitochondria and chloroplasts of Euglena [71] [72] [73] [74] [75] and of algae and higher plants [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] have their own species of DNA and RNA and their own genetic system which are independent of the nucleus. The above phenomena are possibly somehow related to this fact.
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